Quantum noise in the Josephson charge qubit 
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We study decoherence of the Josephson charge qubit by measuring energy relaxation and dephas- 
ing with help of the single-shot readout. We found that the dominant energy relaxation process is a 
spontaneous emission induced by quantum noise coupled to the charge degree of freedom. Spectral 
density of the noise at high frequencies is roughly proportional to the qubit excitation energy. 
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Artificial two-level systems attract interest of re- 
searchers because such systems are believed to be used 
as quantum bits (qubits) — basic elements for quantum 
computers. Recently much progress has been achieved in 
experiments on the Josephson qubits 
All these experiments have shown that qubits are affected 
by decoherence which becomes a key issue of research. 

Decoherence of small Josephson circuits has been stud- 
ied in a number of theoretical papers (see for example, 
Ref. Recently, decoherence of Josephson charge 

qubits has been investigated experimentally for some spe- 
cial cases. For instance, in charge echo experiments, de- 
phasing of the Josephson charge qubit has been charac- 
terized under a bias condition far from the charge degen- 
eracy point Also, relaxation rate of charge qubits off 
the degeneracy point has been measured [6lll2|. Dephas- 
ing and energy relaxation were studied in a qubit with 
the charging-to-Josephson-energy ratio about unity, for 
which charge noise may also be important 0, 0] . How- 
ever, to understand the origin of the decoherence, a sys- 
tematic study of the qubits is of great importance. 

In this work, we measure and analyze the qubit en- 
ergy relaxation rate in a wide range of parameters. In 
other words, we use the qubit as a spectrum analyzer to 
study the noise of the environment [Tj| . We found that 
the quantum noise is an asymmetric charge noise, which 
causes energy relaxation with approximately linear fre- 
quency dependence (/-noise). We also measure dephas- 
ing rate of the qubit and found that it is consistent with 
an assumption that it is caused by the 1// noise. 

The device schematically shown in Fig.^a) (identical 
to that described in Ref. pjl) consists of a qubit and 
a readout part. The qubit is a Cooper-pair box pj (an 
island with area of 40 x 800 nm 2 ) connected to a reser- 
voir through a tunnel junction of SQUID geometry with 
Josephson energy Ej controlled by external magnetic 
field. The readout part contains a charge trap island and 
an electrometer — a single electron transistor (SET). The 
trap is connected to the box through a highly resistive 
tunnel junction. To measure the box charge state, the 
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FIG. 1: (a) Schematic device representation, (b) State ma- 
nipulation diagram for measurements of the qubit relaxation 
rate. The inset shows operation pulse sequence. 



trap is biased by a readout pulse applied to the readout 
gate, so that if the box is in the excited state, an extra 
Cooper-pair charge tunnels into the trap in a sequential 
two-quasiparticle process and then detected by the SET. 
Note that the quantum states are not much decohered 
by the measurement circuit until the readout pulse is ap- 
plied, as the SET is effectively decoupled from the qubit 
by serial capacitive dividers. Mutual and self capaci- 
tances of the islands are designated by and Cj , where 
i and j are characters b, t, and s, denoting the box, trap 
and SET islands, respectively. We have measured values 
of these capacitances (Cf, « 600 aF, C t ~C s ~ 1000 aF, 
Cm ~ 30 aF, C st ~ 100 aF) and also gate capacitances to 
their nearest islands. Other stray capacitances between 
the box and remote elements (between the box and each 
existing lead including the SET island and the ones not 
drawn in Fig.^a)) are calculated to be less than 0.3 aF. 
Electric field of those elements is strongly screened by 
the 100 nm thick Au ground plane beneath the 400 nm 
thick SisN4 insulating layer. The box charging energy is 
E c ~ e 2 /2C b = 130 fieV {E c /h = 32 GHz). The reser- 
voir is a big island galvanically isolated from electrical 
leads and has capacitance of about 0.1 nF to the ground 
plane. The SET with 200-kf2 junction resistances is usu- 
ally biased at the Josephson quasiparticle cycle peak 
with the maximum current of about 100 pA. 

In the charge basis |0) and |1) (without and with an 
extra Cooper-pair in the box), the Hamiltonian of the 
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box can be written as 

AE r 

H = — [a z cos ( 



(1) 



where a z , a x are the Pauli matrices, AE = (U 2 + E 2 ) 1 / 2 , 
U = 2eq/Cb is the electrostatic energy difference between 
the two states, q is a gate induced charge (q = at the 
degeneracy point) and 9 — — axcta,n(E j/U). Eigenstates 
of the two-level system are |+) = cos(0/2)|O)+sin(0/2)|l) 
and | — ) = — sin(#/2)|0) + cos(0/2)|l) with corresponding 
eigenenergies —AE/2 and AE/2. Fig.^b) schematically 
shows the energy diagram of the qubit as a function of q. 
Solid and dashed lines represent eigenenergies and elec- 
trostatic energies, respectively. We usually adjust the 
qubit to a position of go (< 0), where \U\ ^> Ej and 
eigenstates are nearly pure charge states |+) w |0) and 
|— ) ~ |1). For the coherent control of the qubit, we 
start from the ground state |0) and apply a rectangular 
pulse bringing the system nonadiabatically to the degen- 
eracy point (q = 0, 9 = 7r/2) for the time t p , where the 
state freely evolves as cos(Ejt/2K)\0) + ism(Ejt/2h)\l). 
We create state |1) by applying the pulse of length 
t p = 2nh/Ej (7r-pulse) Q. 

To measure energy relaxation dynamics of the excited 
state |— ) we use a combination of the 7r-pulse and an 
adiabatic pulse (a pulse with slow rise and fall times sat- 
isfying the condition of H\dAE/dt\ <C Ej). The ma- 
nipulation procedure, schematically shown in Fig. ^b), 
includes three sequential steps: First, the 7r-pulse is ap- 
plied to the box to prepare the excited state |1). Second, 
an adiabatic pulse is applied to the box, so that its rise 
front shifts the system along the excited state |— ) to a 
point q = qo + q a and holds the system at fixed q for a 
time t a , where relaxation from the excited state |— ) to 
the ground state |+) may occur with a finite probability 
dependent on t a . Third, the fall of the adiabatic pulse 
converts the excited state |— } to the charge state |1) and 
the ground state |+) to state |0), respectively. One can 
study the relaxation dynamics at a desired value of q by 
measuring probability P of detecting the excited state |1) 
in the final state as a function of t a . 

We study two samples (I and II) of an identical ge- 
ometry at a temperature of 50 mK. Probability P is de- 
termined by repeating nominally identical quantum state 
manipulations and readouts [lfj . The inset of Fig. |2Ja) 
exemplifies a typical decay of P as a function of t a at 
q = —0.36 e of sample I. We derive the energy relaxation 
rate Fi by fitting the data with Aexp(— Tit a ) + B using 
three fitting parameters A, B and T\. The amplitude A 
depends on the efficiency of each step of the state manip- 
ulations and is independent of t a - A is a constant at fixed 
q, when all parameters except t a are kept unchanged. A 
small finite value of B is a consequence of "dark" switches 
in our circuit. Note that in the present experiments B 
is always small independently of q, indicating that relax- 
ation is much stronger than excitation. 

Figs. 121(a), (b) show Ti as a function of q. Fig. |2Ja) 
demonstrates T\ (closed circles) measured in sample I 
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FIG. 2: (a) Energy relaxation rate Fi measured by the SET 
normally set in the JQP peak (closed circles) and in blockade 
regime (open squares) and phase decoherence rate F2 (open 
circles) versus gate induced charge q of sample I (Ej/h = 
5.1 GHz). The inset exemplifies a decay of probability P 
to detect charge in the trap as a function of the adiabatic 
pulse length t a , measured at q = — 0.36 e. Ti is derived from 
exponential fit of the decay, (b) Fi measured in sample II for 
three different Josephson energies. 
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FIG. 3: Relaxation rate Ti as a function of Ej measured at 
the degeneracy point (open triangles) and off the degeneracy 
point (open circles) at AE/h ~ 100 GHz for sample I. 



with Ej/h — 5.1 GHz. Fig. Etb) shows Ti in sample II 
measured for three different Josephson energies: Ej/h 
= 3.9 GHz (dots), 6.1 GHz (squares) and 8.3 GHz (tri- 
angles). Ej dependences of the relaxation rate Ti for 
sample II at fixed adiabatic pulse amplitudes are shown 
in Fig. 01 r x at q = -0.8 e (AE/h = 100 GHz) is pre- 
sented by open circles, while ri at q = (degeneracy 
point) is presented by open triangles. 

For the charge qubit, noises coupled to the qubit charge 
degree of freedom are presumably the main origin of de- 
coherence. If the energy fluctuations of the qubit due to 
the charge noise are characterized by the spectral den- 
sity of electrostatic energy fluctuations Sjj(w) 0, the 
relaxation rate is given by the Fermi's golden rule (see 
e.g. Ref. 0) 



2ft 2 



(2) 



The overall behavior of Ti in Figs. E^a), (b) — Fi de- 
creases with increasing \q\ — is described by sin 2 9 — 
Ej/(Ej + U 2 ), characterizing coupling of the qubit to 
the reservoir via the charge degree of freedom. When 
AE ^> Ej, Eq. © can be rewritten in the form 
Ti w irSu(v ~ U/h){Ej/U) 2 /(2h 2 ). The experimen- 
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tally measured Ti at AE/h — 100 GHz (open circles in 
Fig. |2| has clear ^-dependence (dashed curve). This 
confirms the dominant contribution of charge fluctua- 
tions. Moreover, it indicates that this relaxation pro- 
cess is Cooper-pair tunneling rather than sequential tun- 
neling of two quasiparticles. At the degeneracy point, 
r"i = ttSu(w — Ej/h)/2h 2 (open triangles in Fig. EJ di- 
rectly reproduces frequency dependence of Su(to). 

It is known that one of the main low-frequency noises 
in nano-scale charge devices is the 1/f noise produced 
by a bath of charge fluctuators. The spectral density of 
the charge fluctuations defined for negative and positive 
frequencies is given by 



S q (u) 



a 
2U 



(3) 



The parameter a has been found in a number of experi- 
ments to be typically of order of (10- 3 e) 2 dEHHi. 
It was also shown in charge echo experiments that the 1/f 
noise reasonably explains dephasing of the charge qubit 

El 

Under an assumption of the Gaussian noise produced 
by many fluctuators weakly coupled to the qubit, the co- 
herent oscillations dephase as exp[— ip(t)], as the random 
phase 
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is accumulated from the low-frequency component of 
Su(cj) (M < 2tt/£), where Su(w) = {AE C / e) 2 S q (uj). The 
phase decoherence time T2 = T^ 1 is defined as <p(T2) = 1. 
From the experimentally observed decay of coherent os- 
cillations, T2 is obtained for various q in sample I (Fig. [21 
(a)). Assuming the 1/f noise spectrum of Eq. we 
obtain the parameter a = [riheT 2 / {E c cos 6)] 2 k, (1.3 x 
10 _3 e) 2 , where r\ is a numeric coefficient weakly depen- 
dent on the lower cutoff frequency ujq [2l|. 

Fig. Ela) summarizes reduced noise spectra Su/ft 2 = 
2T 1 / (it sm 2 9) derived from Ti mesurements. Su/h 2 de- 
rived from T\ — q dependences in sample I is plotted 
by closed circles, while Sjj/f? for sample II with differ- 
ent Ej is plotted by open circles. In addition, Su/h 2 
= 2Ti/ir measured at the degeneracy point of sample 
II is plotted by open triangles. We also show Su/h 2 
for the 1/f noise (Eq. ©) with a = (1.3 x 10~ 3 e) 2 
by the dashed line. The data exhibits rise with increas- 
ing w. The dashed-dotted line exemplifies linear depen- 
dence (as in the case of ohmic environment), which we 
present in the form of (4e 2 /ir)Rhuj/h 2 with R — 6 ft. 
The actual rise of the experimental data is not mono- 
tonic but has some resonance-like peaks, for instance, 
at 7 and 30 GHz. This probably reflects coupling to 
some resonances, which can be other microscopic coher- 
ent two-level systems or geometrical resonances in the 
device. The crossover frequency of the 1/f and / curves 
is lo c = 2n x 2.6 GHz, which formally corresponds to the 
temperature T c = hui c /k = 120 mK. 
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FIG. 4: (a) Noise Su/h 2 derived from I\ — q dependences 
of the sample I (closed circles) and sample II (open circles). 
Open triangles show Fi dependences of sample II at the de- 
generacy point. A dashed-dotted line represents a linear rise 
(4e 2 /iv)RhLu/h 2 (/ noise) with R — 6 SI. A dashed line is 
the 1/f noise from Eq. © with a « (1.3 x 10" 3 e) 2 derived 
from V2 measurements, (b) A schematic representation of the 
classical Sij(uj) and quantum S®(cu) noise behavior. At fre- 
quencies ui < kT/h, S2(u) ~ Sij{lo) and behaves like a 1/f 
noise. At frequencies \lu\ > kT/h, Sy(uj) > Sjj(u>) and the 
quantum noise is proportional to uj. 



We argue that in our device, the relaxation cannot 
be explained by coupling to electromagnetic environ- 
ment through electrical leads of the gates and the read- 
out circuit. The fact that the qubit relaxation is much 
stronger than excitation indicates that the relaxation is 
induced neither by radiation from hot environment nor 
by power dissipated in the measurement SET. For spon- 
taneous emission to the environment, the lead impedance 
needed to explain Ti is estimated. The control-gate- 
to-box capacitance C cg = 1 aF gives coupling strength 
Kg = Ccg/Cb ~ 2 x 10~ 3 . Other leads have direct 
capacitances to the box smaller than 0.3 aF. Even for 
the indirect coupling to the box through the trap, the 
strongest coupling factor is n g « C rg Cbt/CbC t « 5xl0 -3 
to the readout gate (readout-gate-to-trap capacitance 

a 



10 aF). The lead impedance required to explain 
Ti is R/k 2 ~ 10 5 fl and much higher than the typi- 
cal value of ~ 100 ft. Also, Ti can not be explained 
by absorption on the SET. The box-to-SET coupling is 
k s w CstCbt/CbCt ~ 5 x 10~ 3 and SET impedance is sub- 
stituted by Z s = R s /(1 + iioC s R s ), where R s > 100 k$l 
depends on the SET gate bias conditions with minimal 
value of two parallel tunnel junction resistances. The dis- 
sipative impedance for our qubit is K 2 Re[Z s ] < 1.6 SI at ui 
= 5 GHz and rapidly decreases with frequency and resis- 
tance as w _2 i?J 1 . To check experimentally the effect of 
the SET noise, we compare in Fig. 2(a) Ti obtained with 
SET biased at the JQP peak (closed circles) and in the 
blockade regime (open squares; SET current switches on 
only when charge is trapped) . Independence of Ti of bias 
conditions proves that the SET noise is not dominant in 
the qubit relaxation. 

The observed i? 2 -depcndence shows that the dominant 
noise is coupled to the charge degree of freedom. How- 
ever, with the discussions in the previous paragraph, we 
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exclude a possible contribution of the coupling to the 
electromagnetic environment through the leads. On the 
other hand, dephasing of our qubit is well explained by 
the 1// noise produced by charge fluctuators. In stan- 
dard models of the 1// noise, the fluctuators are char- 
acterized by activation energy E* and switching rate 
7 p3 |. In thermal equilibrium, the charge fluctuators 
with exciation energies E* < kT are activated producing 
telegraph-like noise and contributing to the 1// noise at 
frequency 7. However, we suppose that inactive fluctua- 
tors with E* > kT may absorb energy AE of our qubit, 
which is out of equilibrium with surrounding environ- 
ment (AE > kT). The thermally excited fluctuators pro- 
duce the classical noise (without energy exchange with 
the qubit) Sjj (S^(uj) = S^— cj)) and cause the qubit 
dephasing, while the spontaneous emission is character- 
ized by the quantum noise (S®(\lu\) > S^j(-\uj\)). 
Namely, the "hot" qubit (AE > kT) may only release the 
excess energy AE to the "cold" bath. Fig.^b) schemat- 
ically represents the noise behavior extended to the neg- 
ative frequency range. Sy almost coincides with Sjj at 
low frequencies huj <C kT ("hot" bath), where the qubit 
has an equal chance to emit and to absorb energy. is 
expected to have 1// dependence, while at ftw ^> kT 
("cold" bath) is roughly proportional to / according to 
our experimental data. 

The crossover frequency lu c satisfies the condition 



a/2uj c = f3hiu c , where f3?uu is the /-noise characterized 
by temperature independent parameter (3. The corre- 
sponding 1// noise spectral density at \uj\ -C |w c | is 



P(kTc) 2 

h\u\ 



(5) 



This means that if T c scales with surrounding tempera- 
ture T, then the 1// noise should have T 2 dependence. 
For instance, if the density of states of the fluctuators 
is constant or a weak function of two independent ener- 
gies (for example, excitation energies of an electron in a 
double- well potential) then the 1// noise is proportional 
to T 2 [2^|. The temperature dependence of the l//-noisc 
can be verified experimentally by measuring for example 
SET low frequency noise. 

In conclusion, we have measured energy relaxation and 
dephasing of the Josephson charge qubit. The relaxation 
is a spontaneous emission process induced by the quan- 
tum charge noise nearly proportional to the qubit energy 
(/ quantum noise). Dephasing of the qubit is explained 
by the 1// noise. The / quantum noise crosses over the 
extrapolated 1// classical noise (causing pure dephasing) 
at a frequency u c = kT c /H, with T c ps 120 mK. 
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